
JOURNAL OF APPLIED PHYSICS VOLUME 93, NUMBER 1 1 JANUARY 2003
Resonance vibration of amorphous SiO 2 nanowires driven by mechanical
or electrical field excitation

D. A. Dikin, X. Chen, W. Ding, G. Wagner, and R. S. Ruoffa)

Department of Mechanical Engineering, Northwestern University, Evanston, Illinois 60208-3111

~Received 24 May 2002; accepted 16 October 2002!

In this work, we have used the mechanical resonance method to determine the bending modulus of
amorphous SiO2 nanowires and to study an electron charge trapping effect that occurs in these
nanowires. For uniformamorphousnanowires having diameter;100 nm and length over 10mm,
the fit modulus values cluster near 47 GPa; this value is lower than the commonly accepted value
of ;72 GPa for fused silicon oxide~glass! fibers. For some SiO2 nanowires, we observed up to
three closely spaced resonances that are a result of the nanowire anisotropy. We have compared the
resonance vibration of nanowires driven by mechanical and also ac electrical field loading. All of the
measurements were done inside the chamber of a scanning electron microscope where the
nanowires were under bombardment of a flux of;3 keV energy electrons. By watching the
interaction between the ac electrical field and exposed nanowire when driven at resonance
frequency, we have observed significant charge trapping in the nanowires. The combination of
charge trapping and decay time was nonuniformly distributed along the nanowire. This suggests a
nondestructive method that can be used for studying defects in certain types of nanostructures.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1527971#
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I. INTRODUCTION

Use of a driving electrical field to excite mechanic
resonance in nanostructures is a simple, compact, and
trollable method that can be utilized in sensors and actua
The ac electric-field excitation of the mechanical vibration
a nanowire~NW! at its fundamental resonance frequency,
particular, has been used in the past few years in determi
the elastic parameters of synthesized quasione-dimens
nanosize rods, tubes, and whiskers.1–4 Such work has fo-
cused on resonant excitation of naturally cantilevered fi
ments residing in a sample, so a direction for future wo
would be to grow nanostructures where desired so that
are perfectly aligned for applications.

The electronic and mechanical properties of amorph
inorganic materials are less predictable and more difficul
analyze than crystalline materials. The types of defe
present are rather difficult to detect compared with dislo
tions or grain boundaries in crystalline materials, and
correlation of properties with structure and defects can b
efit from methods such as the measurement of charge
ping and dissipation, in addition to direct structural analys
Photoluminescence, defect formation, and defect cen
have been studied in different types of silicas5 and in amor-
phous silicon dioxide6 in thin-film form, with the goal of
achieving a better understanding for a variety of applicatio
such as in submicron optics and different optoelectronic
vices.

Recently, amorphous silicon oxide NW’s have been s
thesized by several groups.7,8 Here, we will discuss our re
sults on the coupling of mechanical and electrical behav
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in amorphous SiO2 NW’s. This work opens directions fo
characterizing the electromechanical response of nonmet
nanowires, and for studying the interaction of electrons w
such NW’s.

II. MATERIAL AND EXPERIMENTAL TECHNIQUE

The SiO2 NW’s were synthesized in a horizontal tub
furnace via a vapor–liquid–solid process using molten Ga
the catalyst and a silicon wafer as the Si source. The exp
mental setup and synthesis procedure were reported in d
in Ref. 8. Highly aligned SiO2 NW’s with diameters from 50
to 100 nm and lengths from 10 to 50mm were obtained in
high yield after a 5 hgrowth. Most of these NW’s are joined
along some portion of their length~see Fig. 1!. They are
amorphous according to electron diffraction obtained
transmission electron microscopy~TEM! ~Hitachi HF-2000!
and are composed of only Si and O with an atomic ratio
about 1:2 as measured by electron energy-loss spectrom
~EELS!. A high-resolution TEM~HRTEM! image and elec-
tron diffraction pattern are shown in Fig. 1.

Our initial goal was to measure the bending modulus
the amorphous SiO2 NW’s by using the natural resonanc
vibration method of a cantilevered beam. An easy way
apply periodic loading is by excitation with an ac electric
field. An alternative method is to mechanically drive the N
holder, and thus the NW.

Two sharp scanning tunnel microscope~STM! tips were
bonded onto two opposite positioning stages for NW m
nipulation and also used as conductive leads. One of
STM cantilevers was bonded onto a piezoelectric bimo
actuator. By applying an ac voltage to this piezoactuator,
STM tip with an attached NW can be driven in mechanic
vibration.
il:
© 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



d

y
e

n
op

d

re
f
th
a

t
th
o

rd
in
t
a
e-

ch
s
a

f t
n
e

ing
of

tron
al
pli-

the

est
of

al
-
ide-
am

ce

tic

da-
ei-
t

ible

n

ee
en
-

mea-
not

een
the

the

h
for
not
iO
out
ring

an

by

227J. Appl. Phys., Vol. 93, No. 1, 1 January 2003 Dikin et al.
In both electrical and mechanical excitations, we use
function generator as an ac voltage source~SRS model
DS345! both with and without dc bias, with the frequenc
swept up to 30 MHz. Figure 2~a! shows the schematic of th
experimental setup. A homemade nanomanipulator havingX,
Y, Z, and rotational degrees of freedom9 was used to ap-
proach individual NW’s, and all aspects of the experime
were directly imaged inside a scanning electron microsc
~SEM! ~Hitachi S4500 FEG SEM!. Individual NW’s can be
picked up, attached, and driven into resonance by these
ferent methods during one experimental session.

Initially, a sample of NW’s was placed onto a metal wi
that sometimes was covered with conductive carbon tape
better adhesion. This metal wire was then attached to
manipulator and, in some preliminary experiments, this w
used as one of the electrodes. Experience showed tha
aggregation of NW’s made it difficult to determine the leng
of individual NW’s and also the nature of the attachment
the NW. Inaccuracy in these parameters can lead to an o
of-magnitude error in the value of the calculated bend
modulus. Consequently, we altered our approach and for
studies reported here, maneuvered the STM tip into the
glomeration of NW’s to pull out individual ones for measur
ment.

The frequency of the NW vibration was always mu
larger than the SEM raster scanning. Thus, the NW re
nance frequency and the amplitude of the NW vibration c
be measured by using a secondary-electron detector o
SEM in the ‘‘spot’’ and ‘‘line’’ modes and the amplitude ca
be also measured by video recording followed by furth
image processing. In the spot mode, the electron beam

FIG. 1. TEM image of SiO2 NW. HRTEM image~inset in lower left-hand
side corner! and the electron diffraction pattern~inset in upper right-hand
side corner! demonstrate that these NW’s are amorphous.

FIG. 2. ~a! Schematic of the experimental setup: Electrode on the right-h
side holds a NW and is fixed at the end of bimorph piezodriver.~b! SEM
micrograph shows a SiO2 NW clamped to one electrode and touched
another probe.
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stopped on one point and the frequency of the oscillat
nanostructure is detected by the modulation of intensity
the secondary-electrons arriving at the secondary elec
detector. In the line scan mode, a single line from the norm
rastering of the electron beam is used to measure the am
tude of the oscillating structure at a given location along
NW.

Imaging was typically done with a 3 keV electron-beam
energy, the electron energy for which we found the high
imaging resolution. This fact agrees well with basic theory
the electron–specimen interaction for SiO2 .10

III. RESULTS AND DISCUSSION

A. Bending modulus

As just mentioned, two methods for driving mechanic
resonance of the SiO2 NW’s were used. For a uniform cir
cular cross section cantilever beam, which has one end
ally clamped and the second end free, the simple be
theory11 for flexural vibration gives the natural resonan
frequency as:

f n5
bn

2

2p

d

L2A E

16r
. ~1!

Here bn is the eigenvalue obtained from the characteris
equation cosh(bn)cos(bn)521, d is the diameter,L is the
length of the NW,E is the modulus of elasticity, andr is the
material density. In our experiments, we saw only the fun
mental mode of vibration, which corresponds to the first
genvalueb051.875. It is likely that higher modes could no
be excited for several reasons. We find that it is not poss
to excite higher-order modes when the aspect ratioL/d of the
SiO2 NW’s is below;200, possibly because the excitatio
power was not high enough. According to beam theory,11 the
normalized amplitude of vibration (yn) along the beam (x
axis! is given by:

yn~x!5coshbnx2cosbnx2S sinhbn2sinbn

coshbn1cosbn
D

•~sinhbnx2sinbnx!, ~2!

where x is normalized with respect to the lengthL of the
beam.

A typical example is shown in Fig. 3, where we can s
the nanowire vibration at its fundamental frequency driv
by the ac electrical field@Fig. 3~b!#, and the calculated dis
placement@Fig. 3~c!#. The longitudinal distribution of stiff-
ness can be assessed by the relationship between the
sured and calculated shapes. While the measured wire is
perfectly straight and uniform the rough agreement betw
the real and calculated shapes in Fig. 3 suggests that
stiffness is essentially uniform along the entire length of
NW.

One of the studied NW’s was measured for about 8
during four SEM sessions and was driven in vibration
;109 cycles. For these 8 h, the spot and line modes were
used—the NW was imaged in normal raster mode. This S2

NW thus displayed a durable mechanical response with
any change of its resonance characteristics. Finally, du

d
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the last session of experiments, we focused the electron b
to a tight spot on the end of this NW, and this caused the N
to curve@see the top section of the NW in Fig. 4~d!#. Perhaps
this was due to the electron flux density increasing by
factor of ;104 ~up to ;104 A/m2). For low atomic number
materials, it is known10 that a significant fraction of the pri
mary electron-beam energy is transformed into heat in
specimen.

During the last SEM session for this particular SiO2 NW,
we found three nanosized particles@see Fig. 4~d!# asym-
metrically attached at different locations around the per
eter. This additional mass caused a significant shift of
quency from 186.5 kHz to the lower resonance frequenc
~176.8, 165.4, and 151 kHz!. This triple-resonance respons
was seen when the NW was driven mechanically~through
the piezo attached to the STM tip holding the NW! and two
resonances~165.4 and 176.8 kHz! were observed when th
NW was driven by the ac electrical field method. Image bl
ring due to the applied ac voltage for the electrical excitat
case completely masked the smallest amplitude of vibrat
which occurs at the lowest frequency 151 kHz, observed
the mechanical excitation method. The amplitude–freque
characteristics for both types of excitation are shown in F
4~e!. As can be seen in Figs. 4~a!–4~c!, all three closely
spaced mechanically driven resonances have different o
tations, apparently representing slightly different torsio
motion of the oscillated wire. Furthermore, for the two res
nances where the frequencies were identical for mechan
and electrical driving~165.4 and 176.8 kHz!, the orientations
of each respective mode~mechanical versus electrical a
165.4 kHz, and mechanical versus electrical at 176.8 k!
were identical, but the amplitudes were different.

Closely spaced resonances have also been observe
other researchers12 in resonating carbon nanotubes. This m
be due to the anisotropy of the nanostructure, either in
terial properties~elastic modulus or density! or geometry

FIG. 3. ~a! SEM micrograph of a clamped-free SiO2 NW that is 18.9mm
long and 110 nm in diameter~scale bar is 2mm long!. ~b! Vibration of the
same NW as driven by an ac electric field.~c! The calculated shape of th
first vibrational mode of a cantilevered beam of these dimensions.
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~cross-sectional area, crooked beam!. This anisotropy may
also result in the different planes of the NW motion, whi
are clearly seen in Figs. 4~a!–4~c!. Modeling of this phenom-
enon is suggested as an area for future work.

The calculated values for the bending modulus of th
SiO2 NW’s are shown in Table I. The density of the amo
phous SiO2 NW’s is assumed to be 2.23103 kg/m3.13 The
accuracy of the calculated modulus is mostly determined
the accuracy of the measurement of the dimensions of
NW, and by the assumption that the use of the continu
beam formula is valid.

The quality (Q) factors measured for these NW’s rang
from 70 to 250. We note, in Fig. 4~e!, that theQ in our
experiments was essentially the same for mechanical
electrical excitations. One of the reasons for such a lowQ is
likely the amorphous structure of these NW’s. Another po
sible cause of frequency broadening for the resonance c
is the presence of a substantial axial load component
these experiments, the external electrical field was prima
directed along the long axis of the NW, rather than perp

FIG. 4. A SiO2 NW driven mechanically at three closely spaced reson
frequencies~a, b, and c!. This is the same NW as shown in Fig. 3, howeve
now having attached nanoparticles~d!. The corresponding amplitude vs fre
quency curves are shown in~e!. The SEM micrographs~a, b, and c! show
mechanically driven modes whereas the amplitude vs frequency curve
shown for both mechanically~solid circles! and electrically~open circles!
driven modes~e!. TheQ factor was about 80 for all cases. Scale bar in SE
micrograph is 2mm long.

TABLE I. Bending modulus of SiO2 NW’s.

Length
~mm! (60.2)

Diameter
~nm! (65)

Natural
frequency

~kHz!

E ~GPa!

17 80 172.0 43.467.0
17.3 88 193.8 48.867.8
18.3 98 190.0 47.468.4
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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dicular to it. The same was true for the mechanical drivi
The force of inertia has its largest component along the lo
axis direction because the NW’s are essentially aligned al
the direction of bimorph motion. Therefore, cyclical vari
tion in the axial load, which is tensile in one half period a
compressive the next, may lead to losses in the energy o
fundamental mode of vibration due to a small deformation
the axial direction, as well as through nonlinearities cau
by the axial direction inertia. An exciting area for futu
research is to identify and elucidate the intrinsic loss mec
nisms for both mechanical and electrical excitations of the
and other, NW’s.

B. Charge trapping

The Hitachi S-4500 SEM has a variety of imagin
modes. We briefly explain these because it is relevant to
focus of this section. ‘‘TV mode’’~of which there are two
raster speeds; when we refer to TV mode we refer to us
the fastest raster scan, namely 63.5ms for each line! was
used in our early work to image both the mechanical a
electrical excitations of resonance. In this high scan r
mode, the resonances were identical. When we decide
obtain high-resolution and contrast images, we attempte
use ‘‘photorecording mode,’’ which has a time of 68 ms f
each line. The image looked quite different compared
what had been viewed in TV mode. This led us to expe
ment with some intermediate rastering rates in the ‘‘view
mode’’ ~of which TV mode is the fastest!, such as 0.72, 4, 17
and 50 ms for each line, and the images that result~for 4, 17,
and 50 ms! are shown in Fig. 5.

As Fig. 5 shows, for these lower scan rates, the scan
influences the resonance response of the electrically exc
NW. We checked to see if these slower scan rates influen
the mechanically excited NW, but there was no depende
on scan rate. This suggested to us that at these lower
rates, there is an unequal distribution of charges and that
plays a major role in the interaction between the SiO2 NW
and the external ac electric field.

In order to test this hypothesis, we used TV mode
measure the NW amplitude of the vibration as a function

FIG. 5. ‘‘Strange’’ shapes of the vibrated NW obtained at three differ
scan modes of the SEM, together with a schematic representation o
scanning electron beam~a!. ~b! Time interval between each closed scan li
inside of one frame is:~b! 4 ms,~c! 17 ms, and~d! 50 ms. All three images
were taken under the same experimental conditions: Frequency and a
tude of ac field, counterelectrode position, energy, and density of elec
flux in SEM. The difference is only the sweep rate that results in a differ
time of irradiation and time break between the subsequent interaction
electron-beam and wire.
Downloaded 02 Jan 2003 to 129.105.69.222. Redistribution subject to A
.
-
g

he
n
d

a-
e,

e

g

d
te
to
to

o
i-

te
ed
ed
ce
an
is

o
f

a section length~measured from the clamped side of th
NW! of the NW that was exposed to the electron-beam fl
from the SEM. That is, the exposed section length var
from 11.9 to 18.9mm, which was a total cantilever lengthL.
A schematic of this experiment is shown in the inset of F
6.

We then assumed that this section, having lengtha
~wherea varied from 11.9 to 18.9mm!, is the only part of the
NW where force is applied. The dependence of the amplit
of the vibration ona can be computed if we assume that t
force P0(x) is evenly distributed over this charged sectio
The amplitude of motionA for the fundamental mode shap
should be proportional to the mathematical projection of
force onto the fundamental mode. LettingP0(x)5P for 0
<x<a, whereP is a constant, andP0(x)50 for a,x<L,
gives

A}E
0

L

P0~x!y0~x!dx,

~3!

}PE
0

a

y0~x!dx,

where y0(x) is the fundamental mode shape given by E
~2!, with b051.875. Evaluation of Eq.~3! yields

A5P* $0.78320.391@cos~b0a/L !1cosh~b0a/L !#

20.533@sin~b0a/L !2sinh~b0a/L !#%, ~4!

whereP* is a constant of proportionality. The measured a
plitude of the vibration and the calculated dependence a
function of the exposed length@Eq. ~4!# are shown in Fig. 6.
Figure 6 suggests that this simple model is correct: Charg
of the exposed section leads to the ac electrical field apply
load only on that section of the length.

It is well known that electron bombardment can loca
charge insulators. Charge trapping by conducting or insu
ing materials under electron bombardment has been stu
experimentally and theoretically~see Ref. 14 for a review!.
The buildup of localized charge in amorphous SiO2 under
low-energy electron bombardment~0.1 to 10 keV! has been
reported by Vigourouxet al.15 These authors demonstrate

t
he

pli-
n
t
of

FIG. 6. Measured~open circles! and calculated~solid line! dependencies of
the amplitude of the NW deflection at some fixed point vs the length of
wire a, which is assumed to be under the loading forceP0(x). Vibration of
the NW excited by the ac electric field. Inset shows schematic of the m
surements; the dashed rectangle corresponds to the size of the area ex
to the electron flux. According to our simple model, the ac loading force
evenly distributed along the length ofa, and is zero outside this sectio
length.
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that the charge trapping sites are defects induced by the
tron beam, despite the fact that the energy absorption
implanted electron~by direct transfer of momentum! is much
less than the energy of the silicon–oxygen bond. Defect
ation was attributed to a radiolytic process16 whereby an
oxygen atom is moved from its normal bonding position
an adjacent split bonding position. The latter configurat
normally decays in milliseconds or less.16,17Their conclusion
about the decay time scale is relevant to our experiment

The time interval of 63.5ms per scan line in TV mode
when the NW is electrically driven evidently keeps the N
equally charged along its length, and the resulting NW vib
tion has the same shape as would be caused by mecha
driving @see Figs. 3~b! and 4~b!#. Whenever the SEM scan
ning mode is slowed down to, for example, 0.72 ms betw
the scan lines~mode 1 in the ‘‘viewing mode’’!, the exposed
zones of the NW have time to partially dissipate th
charges, resulting in a smaller applied load and a sma
amplitude of the wire deflection; in addition, the image
clearly suggestive of an uneven distribution of charge alo
the NW.

Thus, we report a simple method to map this charg
effect and its decay time as a function of position along
length of the cantilevered NW. We emphasize that the S2

NW diameter was only;5 times larger than the mean-fre
path of the secondary electrons in amorphous bulk SiO2 . As
a consequence of the strong interaction of the 3 keV prim
electrons with these types of specimens, the whole cross
tion of the nanostructure can be probed.

IV. CONCLUSION

We have fit the bending modulus of amorphous Si2

NW’s by using the resonance vibration method. We of
observed closely spaced resonances that likely result f
slight anisotropy in the NW’s, and, in one particular case,
anisotropy was identified as three attached particles. L
energy electron bombardment of amorphous SiO2 NW’s can
lead to significant charge trapping at particular points alo
the wire. This suggests a nondestructive method that ca
used for studying defects, charge trapping, and charge d
pation in certain types of nanostructures.
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